Characterization of host immune cell parameters prior to treatment is expected to identify biomarkers predictive of clinical outcome as well as to elucidate why some patients fail to respond to immunotherapy. We monitored blood immune cells from 58 patients with non-small-cell lung cancer ( 
Introduction
Lung cancer is the most common cause of cancer death worldwide [1] , with cigarette smoking as the main risk factor [2] . Non-small-cell lung cancer (NSCLC), accounting for approximately 83% of all patients with lung cancer, is typically subdivided into adenocarcinoma (50-70%), squamous cell carcinoma (20-30%) and other subtypes (< 10%) [3] . At diagnosis approximately 75% of NSCLC patients have an advanced disease associated with a bad prognosis and low survival rate [4] . For stages I and II NSCLC the majority of patients (approximately 70%) undergo surgery, while most patients with stages III and IV NSCLC receive chemotherapy with or without radiation [5] . Despite the tremendous developments in early detection and novel treatment modalities, the overall survival (OS) of lung cancer patients has not improved greatly during the past decades. Current studies have shown benefits of immunotherapy in lung tumors [6] , in particular those targeting the immune checkpoint proteins programmed cell death 1/programmed cell death ligand 1 (PD-1/PD-L1). Many of these therapies are of greater benefit to immune-competent patients [7] , whereas systemic immune suppression is often observed in patients with advanced NSCLC [8] .
Prediction of long-term disease-free survival of cancer patients immediately after surgical resection of clinically localized and advanced disease is of great value for patient counseling, scheduling follow-up imaging and identifying poor risk-group patients who might benefit from enrollment in adjuvant therapy protocols. Prognosis of cancer patients is based not only on tumor-related factors, but also on host-related factors, including systemic immune cell activation [9] . It has been recently demonstrated that immune monitoring of peripheral blood cells might lead to the identification of biomarkers, which could serve to predict prognosis and/or therapy response/resistance [10] .
The aim of this study was the identification of surrogate markers of host immunity in NSCLC patients. In total, blood samples collected from a cohort of 58 NSCLC patients undergoing surgery of the primary tumor and from 50 volunteers of an age-matched control group were investigated. Multi-color flow cytometry was used to determine the frequency, composition and activity of different immune cell subpopulations in peripheral blood. The impact of smoking, gender and age was analyzed and their prognostic value evaluated.
Patients and methods

Blood samples
This study was approved by the institutional review board of the Medical Faculty of the Martin Luther University and informed consent was obtained from all participants. Ethylenediamine tetraacetic acid (EDTA) peripheral blood samples were obtained from 58 patients with lung cancer undergoing primary surgery at the Department of Thorax Surgery of the Hospital Martha-Maria HalleDölau (Table 1) . Patients included in the analysis met the following criteria: (1) curative resection with lymph node dissection; and (2) neither radiotherapy nor chemotherapy administered prior to the surgery. Nearly all patients had a Karnofsky performance status > 80%. All surgical tissues were verified by a pathologist. For the analysis of the OS, patients were censored at the time of their last clinical follow-up appointment or their date of death. The median follow-up duration for the detection of OS was 26·5 months (range 1-49 months).
Fifty age-matched normal healthy donors without any known tumor disease and without any systemic immunesuppressive therapy served as a control group (Table 1) ; 79% of the patients and 36% of the control group were smokers or had a smoking history (Table 1) .
Flow cytometry and antibody staining
Immune cell profiling in peripheral blood is an important tool for biomarker identification. A lysed whole blood technique with eight-color staining of blood cells was used. The monoclonal antibodies (mAb) purchased were CD56-phycoerythrin (PE) from Beckmann Coulter (Hamburg, Germany), CD57-allophycocyanin (APC) and CD27-brilliant violet (BV) 421 from BioLegend (Fell, Germany); all other mAbs were from BD Biosciences (Heidelberg, Germany) (Multitest™ IMK kit, CD45-fluorescein isothiocyanate (FITC), CCR7-PE, CD25-PE, CD4-peridinin chlorophyll (PerCP), CD19-PerCP, CD123-PerCP, CD45RA-PE-cyanin 7 (Cy7), CCR4-PE-Cy7, CD11c-PE -Cy7, CD38-APC, CD16-APC,  CD127-Alexa Fluor 647, CD8-APC-H7, CD20-APC-H7,  CD3-APC-H7, CD19-APC-H7, CD45RO-APC-H7, CD3-V450, CD14-V450, HLA-DR-V500; Supporting information, Table S1 ). Samples were measured with a fluorescence-activated cell sorter (FACS) CANTO II flow cytometer (BD Biosciences). Data analyses were performed with BD FACS DIVA TM software. Because standardized procedures are essential to allow for interindividual comparisons in the context of studies persisting for several months, Cytometer Setup and Tracking (CST) Beads (BD Biosciences) were used daily to set standardized geometric mean fluorescence intensity (MFI) ranges in the fluorescence channels used. Absolute values of CD4 + and CD8 + T cells, B cells and natural killer (NK) cells were determined using the BD Multitest™ IMK kit and BD Trucount TM tubes with a no-wash procedure, according to the manufacturer's instructions (Supporting information, Table S1 ). Additionally, the relative percentages of CD45RA + CCR7 + naive, CCR7 -CD45RA -effector memory (EM) and CD57 + immunosenescent T cells, as well as CD38 -HLA-DR + T cells, were evaluated. CD4 + CD127 -/ dim CD25 ++ regulatory T cells (Treg) were identified as described by Liu et al. [11] . Furthermore, the total number of dendritic cells (DC; HLA-DR + and lineage negative for CD3, CD19, CD20), with CD11c + myeloid and CD123 + plasmacytoid DC (pDC) as well as the percentage of CD16 + CD14 dim non-classical monocytes, was measured. HLA-DR expression on monocytes was quantified using mAbs labeled on a protein/fluorophore ratio of 1/1 (QuantiBRITE™ reagents; BD Biosciences). The anti-HLA-DR 1/1 PE (clone L243)/anti-CD14 PerCP-Cy5.5 mAb was used, according to the manufacturer's instructions. A standard curve for antigen quantification was established using multi-level calibrated QuantiBRITE beads. The measured geometric MFI of the gated population was converted into antibody molecules bound per cell (ABC) using a linear regression analysis. HLA-DR MFI values of ≤ 5000 ABC for the whole monocyte population have been designated as 'immunoparalysis' in former studies, as the patients are at high risk of infectious diseases [12] . Taking an MFI of 5000 ABC as borderline value for a low HLA-DR intensity, the amount of HLA-DR low monocytes was estimated as a percentage of CD14 + cells and cell numbers/μl blood. The gating strategy for DC is illustrated in Supporting information, Fig. S1 ; the gating and calculation of HLA-DR low monocytes is shown in Supporting information, Fig. S2 .
Statistical analysis
The statistical analysis was performed using the commercial software spss 22.0 (SPSS Inc., Munich, Germany). Differences in the absolute number of immune cells between patients and healthy volunteers or between patients with different tumor stages were analyzed using Student's t-test or Wilcoxon-Mann-Whitney test, as appropriate. Analysis of variance (anova) was used to consider the effect of smoking, age or gender. BonferroniHolm correction was used for multiple comparisons. All P-values are exploratory. To evaluate correlations between Treg and HLA-DR low monocytes with other immune cell parameters, Spearman's correlation coefficients (CC) were calculated. OS was defined as the length of time from surgery to death or last follow-up. Survival analysis first comprised a descriptive presentation of the cumulative survival functions according to Kaplan-Meier, and differences among the curves were evaluated using the log-rank test. Univariate and multivariate analyses were performed using Cox proportional hazards model, adjusted to tumor stage. Two-sided P-values of less than 0·05 were considered statistically significant.
Results
Comparison of immune cells in NSCLC patients compared to an age-matched healthy control group
Granulocyte counts and neutrophil-to-lymphocyte ratio (NLR). NSCLC patients when compared to healthy donors had a significantly higher number of leukocytes due to higher neutrophil counts, as illustrated in Table 2 . In most cases, cancer patients had a mild granulocytosis; only one patient had a value > 10 000 neutrophils/μl blood. Correlation of neutrophil counts with smoking as a risk factor for lung cancer showed that smoking (former and current smokers as one group compared to never smokers) significantly influences the neutrophil counts (P = 0·032), although the distinction between control and tumor group had a higher impact on neutrophil counts (P = 0·003). Patients with squamous cell carcinoma had higher neutrophil counts than adenocarcinoma patients (Fig. 1a) . No differences in neutrophil numbers could be detected in patients with early (T1/2) versus late (T3/4) tumor stages and with respect to gender and age. The number of blood eosinophils showed a high standard deviation (s.d.), and there was no significant difference between the control and tumor group (P = 0·650). In patients with squamous cell carcinoma, the number of blood eosinophils was elevated in late tumor stages (117 ± 150 cells/μl in T1/2; 291 ± 201 cells/ μl blood in T3/4). For several malignancies, a higher NLR has been discussed as a predictor of patients' outcome [13] . As shown in Fig. 1b , NSCLC patients had higher NLR values than the control group, although with a high s.d. in T1/2 stages. Although smokers had higher NLR values, smoking had no impact on NLR in our analyses (P = 0·212). Furthermore, there was no difference in NLR values between adenocarcinoma and squamous cell carcinoma (3·08 ± 1·43 versus 3·38 ± 1·49).
Blood monocytes. NSCLC patients showed only marginally higher monocyte counts than the control group (Table 2) , with a slight increase of monocytes in late tumor stages (Fig. 1c) . Smoking had a significant influence on monocyte counts (P = 0·021). For the smoker subgroup, we observed significant higher monocyte counts in late compared to early tumor stages (717 ± 313 cells/μl in T3/4 versus 534 ± 184 cells/μl blood in T1/2; P = 0·020). Men had higher monocyte counts than women (608 ± 252 versus 457 ± 147). Male smokers had the highest monocyte counts in our analyses (642 ± 272 cells/μl) and female neversmokers the lowest values (417 ± 119 cells/μl). CD14 low CD16 + non-classical monocytes represented approximately 5-6% of monocytes and their frequency was not altered between the control group and patients ( Table 2) . As HLA-DR low monocytes representing a subtype of myeloid-derived suppressor cells (MDSC) are known to be elevated in cancer patients [14] , the monocytic HLA-DR intensity was quantified, resulting in an only marginally lower MFI in cancer patients (ABC = 30 134 ± 12 128) compared to healthy volunteers (ABC = 35 147 ± 9993). Smoking had a significant impact on monocytic HLA-DR intensity (P < 0·001). Using a threshold of 5000 ABC to define monocytes with a strongly diminished HLA-DR intensity, the lung cancer group had a higher percentage of those HLA-DR low monocytes (Table 2) , with 4·6 ± 3·1% of MDSC in T1/2 and 7·5 ± 6·0 in T3/4. Smoking affected the value. Within the control group, never-smokers had 1·6 ± 1·3%, but smokers (former and current) had 4·7 ± 3·5% HLA-DR low monocytes. Smokers in the tumor group had the highest percentages of HLA-DR low MDSC (5·9 ± 4·3%). Figure 2 illustrates the impact of smoking behavior and tumor diagnosis on the percentages of HLA-DR low monocytes. We found a positive correlation between HLA-DR low MDSC and neutrophil counts with a Spearman's rank NLR = neutrophil-to-lymphocyte-ratio; HLA-DR = human leucocyte antigen D-related; MDSC = myeloid-derived suppressor cells; pDC = plasmacytoid DC; NK = natural killer; EM = effector memory. correlation of 0·434 (Table 3) . A ratio of CD4 + T cells/HLA-DR low MDSC was -despite a high s.d. -significantly lower in the tumor compared to the control group (Table 2) , and smokers had a lower ratio than never-smokers.
Never-smoking women in the control group had the highest ratio: CD4 + T cells/HLA-DR low MDSC (305 ± 294), although the gender difference was not significant (P = 0·090). A ratio of naive CD4 + T cells/HLA-DR low MDSC also differed between control group and NSCLC patients (Table 2) , again with a high s.d., and with a strong impact of smoking (97·2 ± 142·6 in never-smokers, 24·8 ± 46·6 in smokers).
Dendritic cells. Cancer patients had a lower amount of DC in blood compared to the control group ( Table 2 ). The majority of DC was CD11c + myeloid DC, with pDC accounting for only 9·5 ± 5·5% of total DC. The number of DC decreased with age, as illustrated for pDC in Fig. 1d . pDC counts correlated negatively with the percentage of HLA-DR low MDSC ( Table 3 ). The ratio of HLA-DR low MDSC/pDC had significantly higher values in the tumor group (Table 2) , especially in late tumor stages (T1/2 6·9 ± 8·3 versus T3/4 19·4 ± 28·1).
Blood lymphocytes and lymphocytic subpopulations. The lymphocyte count was not different between the control and tumor groups (Table 2 ) and was not altered in smokers. However, the lymphocyte counts declined with age, especially above age > 70 years (2150 ± 670 lymphocytes/μl blood in people < 70 years versus 1700 ± 510 lymphocytes ≥ 70 years, P = 0·001). By trend, women had higher lymphocyte numbers than men (2110 ± 700 versus 1890 ± 600 cells/μl blood, P = 0·077). Concerning lymphocytic subpopulations, there was no difference between control and tumor groups for B and T cell counts, as well as for the number of CD4 + and CD8 + T cells. In contrast, a lower amount of NK cells was found in the blood of cancer patients, with higher NK cell numbers in men compared to women (Fig. 2b ). Smoking and age had no impact on NK cell counts in our analyses. A more detailed characterization of NK cells revealed no difference in the percentage of CD56 bright CD16 dim NK cells in the control and tumor groups (3·8 ± 0·3% of NK cells in control group versus 3·6 ± 0·3 in patients).
The counts of CD4 + and CD8 + T cells were highly variable, ranging for CD4 + T cells from 240 to 2320 cells/ μl and for CD8 + T cells from 50 to 1230 cells/μl blood. Whereas no difference was found between tumor and control groups, CD4 + T cell numbers were significantly higher in women versus men (965 ± 390 versus 820 ± 310 cells/μl blood; P = 0·032), and declined with age with a significant drop in individuals aged > 70 years (980 ± 380 ≤ 70 years versus 720 ± 270 cells/μl blood > 70 years). In comparison to CD4 + T cells, the number of CD8 + T cells showed neither gender-specific nor age-dependent differences (data not shown).
Higher percentages of CD127 -CD25 ++ CD4 + Treg (% of CD4 + T cells) were found in cancer patients (Table 2) with a significant impact of smoking behavior. Smokers when compared with never-smokers had higher percentages of Treg (8·7 ± 2·4 versus 7·3 ± 1·5% of CD4 + T cells, P = 0·017), while the subgroup 'never-smokers' in control versus tumor group did not show any difference (7·3 ± 1·2 versus 7·2 ± 2·2% of CD4 + T cells). The absolute count of Treg was 71 ± 32 cells/μl blood, without any differences between patients and control group; 42·4 ± 19·9% of Treg were memory Treg (CD45RO + CCR4 + ). The percentage of Treg correlated negatively with the numbers of CD4 + T cells as well as with naive CD4 + T cells (Table 3) . Based on their effect on lymphocytes, Treg correlated positively with the NLR (Table 3) .
The counts of both naive CD4 + and CD8 + T cells were significantly lower in cancer patients compared to the control group (Table 2 ). In particular, the percentage of naive CD4 + T cells dropped in cancer patients (42 ± 13% of CD4 + T cells in the control group versus 28 ± 15% in the tumor group; P < 0·001). Naive CD4 + T cells correlated negatively both with the percentages of HLA-DR low MDSC as well as with Treg (Table 3) . Furthermore, for NSCLC a decreased number of naive CD4 + T cells and naive CD8 + T cells was found in patients aged > 70 years (Fig. 2c,d) . In contrast to naive CD4 + T cells, the percentage of EM CD4 + T cells was significantly higher in cancer patients (Table 2) . Furthermore, cancer patients had a higher number of HLA-DR + T cells (161 ± 108 cells/μl blood compared to 124 ± 73 in the control group, P = 0·04), as well as a higher percentage of CD38 -HLA-DR + CD4 + T cells (Table 2) .
While the percentage of CD57 + CD4 + T cells was significantly higher in cancer patients, the percentage of CD57 + CD8 + T cells did not differ significantly between control and tumor groups ( Table 2) .
Survival analyses. Survival analysis first comprised a descriptive presentation of the cumulative survival functions according to Kaplan-Meier. As expected, patients in late tumor stages exhibited shorter OS. Otherwise, neversmoking was not correlated with a favorable prognostic risk (Supporting information, Table S2 ). Figure 3 illustrates that a higher percentage of HLA-DR low MDSC and Treg as well as a lower number of naive CD4 + T cells and naive CD8 + T cells correlated with shorter OS. Furthermore, a lower ratio CD4 + T cells/HLA-DR low MDSC as well as a higher ratio MDSC/pDC was associated with poor survival. Although Kaplan-Meier curves illustrated an adverse prognostic risk for patients with a higher NLR (≥ 4·5: survival time 26·9 ± 3·9 versus <4·5: 41·6 ± 2·1 months), NLR was not associated with a significant prognostic risk in log-rank test in our analysis (Supporting information, Table S2 ). Furthermore, Kaplan-Meier curves showed no difference in the survival time for T cell numbers (data not shown), as well as for CD4 + T cells and CD8 + T cells (Supporting information, Table S2 ). Similarly, the percentages of pDC did not correlate with survival time (Supporting information, Table  S2 ).
Univariate Cox proportional hazards regression on OS confirmed that a higher percentage of HLA-DR low MDSC (> 3% of monocytes) was associated with an increased OS risk; the hazard ratio (HR) for death was 8·301 (P = 0·046). Univariate Cox regression also confirmed a poor OS for patients with a lower number of naive CD4 + T cells (P = 0·037) and naive CD8 + T cells (P = 0·041). Adjusted to tumor stages (T1/2 against T3/4, multivariate Cox regression, Supporting information, Table S2 ), patients with > 3% HLA-DR low monocytes had a HR of 6·01 (P = 0·09), but due to the low case number (n = 51) the 95% confidence interval was imprecise (0·75-48·34). A higher Treg percentage showed an increased survival risk in Cox regression adjusted to tumor stages; patients with ≥ 10% Treg had a HR of 3·604 (1·012-12·832) (P = 0·048, Supporting information, Table S2 ).
Our blood-based biomarker panel for the immune monitoring of cancer patients was affected by various factors. In summary, smoking increased the counts of leukocytes, neutrophils and monocytes as well as the percentages of HLA-DR low MDSC and Treg. Supporting information, Table S3 illustrates that current smokers have higher leukocyte counts and neutrophil numbers than former smokers (significant difference only between never smokers and current smokers). In contrast, the percentage of HLA-DR low monocytes and Treg remain increased in former smokers, indicating a long-lasting impact of smoking on immunosuppressive cells. Treg data were only significant for the cancer patients group. The number of monocytes and of NK cells was higher in men, whereas the CD4 + T cell counts showed higher values in women. The numbers of DC, pDC, lymphocytes, CD4 + T cells, naive CD4 + T cells as well as naive CD8 + T cells dropped with age. Factors correlating with patients' OS were the percentages of HLA-DR low MDSC and of Treg, the number of naive CD4 + and naive CD8 + T cells as well as the ratio MDSC/pDC.
Discussion
Flow cytometry serves as a powerful analytical platform for the rapid characterization of individual cells within heterogenic cell populations. In this study, multi-color flow cytometry was used to investigate the clinical relevance of immune cell subpopulations and to identify predictive surrogate markers in the peripheral blood of NSCLC patients undergoing surgery of the primary tumor. With this approach, several differences were found compared to an age-matched control group without any known tumor disease. Our data are mainly expressed as cells/μl blood; this allows a better comparison of values with known reference ranges. The blood of lung cancer patients contained a higher number of neutrophils resulting in higher leukocyte counts, and patients with squamous NSCLC had higher neutrophil counts than adenocarcinoma patients. NLR was higher in cancer patients, although the lymphocyte counts in NSCLC patients compared to the control group were only marginally lower. A mild blood granulocytosis is common in cancer patients, as tumors are known to drive myelopoiesis [15] . Cancer-associated myeloproliferation is not merely a paraneoplastic phenomenon of questionable importance, but leads to the suppression of host immunity and promotion of tumor angiogenesis. A phenotypical diversity and plasticity of circulating neutrophils has to be taken into account. Some granulocytes might exhibit an immunosuppressive phenotype; for example, CD14 -/CD15 + arginase-producing MDSC have been reported as a granulocytic subpopulation in peripheral blood of NSCLC [16] . Neutrophilia is regarded as a poor independent prognostic factor in tumor disease; e.g. Kasuga described leukocytosis to be linked to poor prognosis in NSCLC [17] . Even within the NSCLC tumor tissue, where neutrophils account for approximately 20% of CD45 + cells [18] , granulocytes have an immunosuppressive role, and a negative correlation between neutrophils and tumor-infiltrating T lymphocytes has been described [18] . Gentles and co-authors identified neutrophil transcripts in the tumor as the strongest predictor of mortality in NSCLC patients [19] . Despite higher neutrophil counts in our tumor group, a significant association of blood leukocytosis or NLR with overall survival could not be confirmed. However, it is noteworthy that blood neutrophil counts may be affected by various factors, such as smoking behavior and systemic infection, resulting in considerable variability, especially in a small group of patients. In contrast to our data, Shimizu et al. found that NSCLC patients with an NLR ≥ 2.5 had a significantly poorer survival outcome [20] , which was confirmed in a meta-analysis demonstrating elevated pretreatment NLR values to predict poorer OS in patients with NSCLC [13] .
Smoking is the leading cause of lung cancer [2] , and 79% of the NSCLC patients investigated in this study had a smoking history or were still active smokers. The impact of tobacco smoke on lung homeostasis is complex, with one of the predominant features being suppression of immune cells [21] . In our study, when compared to never-smokers, smokers not only had higher blood neutrophil counts, but also higher monocyte values and a higher percentage of Treg and HLA-DR low MDSC. Interestingly, even years after having quit smoking, Treg and HLA-DR low MDSC remained increased. However, smoking had no significant impact on the NLR, which is in contrast to data of Tulgar and co-authors showing an increased NLR in smokers in correlation with pack/ year [22] . This discrepancy might be explained by the patient cohort analyzed, as we focused only on tumor diagnosis resulting in a more heterogeneous patient group, whereas Tulgar et al. excluded people with several chronic diseases known to affect the NLR [22] .
An increase of HLA-DR low monocytes has been described in several tumor types (for review see [23] ). It is suggested that these cells suppress T cell function in cancer patients, as already described for HLA-DR low monocytes in sepsis [24] and major trauma [25] . HLA-DR low monocytes suppress NK cell functions in patients with hepatocellular carcinoma inhibiting autologous NK cell cytotoxicity and cytokine secretion in co-culture [26] .
For the quantification of HLA-DR low monocytes, the QuantiBRITE TM system (BD Biosciences) with multi-level calibration beads and an HLA-DR-specific antibody with a 1/1 fluorochrome-to-protein ratio was used, an approach to reduce variability leading to highly reproducible results among cytometers and institutions [12] . Using the geometric mean representing 5000 ABC as borderline value for a low monocytes HLA-DR intensity, the age-matched control group had 2·3% HLA-DR low monocytes and neversmokers in the control group only 1.6% of total monocytes. In contrast, NSCLC patients had 5·3 ± 4·1% of these monocytes, which is comparable with earlier results in renal cell cancer patients showing 7·5 ± 7·4% HLA-DR low monocytes in blood [27] . It is noteworthy that in the age-matched control group individual people showed a somewhat high amount of HLA-DR low monocytes. Although the existence of an unnoticed tumor cannot be excluded, circulating MDSC are not tumor-specific and have been described in several other pathological conditions, such as viral infections [28] , various chronic infections [29] or dilated cardiomyopathy [30] . These reports suggest that HLA-DR low monocytes might be part of a conserved response to different endogenous and exogenous stress signals, including inflammation [31] .
Although several authors described HLA-DR low monocytes in lung cancer patients, HLA-DR expression was not quantified, which hampers the comparability of data. Furthermore, absolute numbers of monocytes are rarely shown in the literature because blood cells are used after serum withdrawal or after density gradient centrifugation. In addition, the impact of smoking was seldom considered. A high variability in the reported frequency of HLA-DR low MDSC in blood is striking: Vetsika and co-authors reported 25·2 ± 2% of HLA-DR low monocytes without any difference between NSCLC patients and controls [32] , Huang and co-authors found 9·4% HLA-DR low monocytes in the blood of 89 NSCLC patients [33] and Chen and co-authors reported 7·7% HLA-DR low monocytes in patients with squamous cell carcinoma [34] . The latter value matches well with the 8·1% HLA-DR low MDSC of our small patient subgroup with squamous cell carcinoma. MDSC percentages correlated positively with the number of neutrophils and negatively with pDC counts in our analysis. The percentage of HLA-DR low monocytes has clinical relevance, as a higher frequency of this immune subpopulation was associated with shorter OS of NSCLC patients. Corresponding to our data, Huang et al. reported a shorter progression-free survival in patients with a higher percentage of HLA-DR low MDSC [33] . The authors demonstrated that HLA-DR low monocytes inhibit autologous T cell proliferation and interferon (IFN)-γ production in a cell-cell contact-dependent manner [33] . Increased percentages of monocytes MDSC have been associated with a worse response to treatment in NSCLC, patients confirming their value as a biomarker [32] .
Most tumors emerge in aging populations at a time when T cell function is declining. In our investigations, patients aged > 70 years had a lower number of lymphocytes, especially of CD4 + T cells. Cancer patients had lower counts of naive T cells compared to the control group, which dropped with age. Whereas CD8 + T cell numbers were highly variable, without any difference for the tumor group and with no age-dependency, naive CD8 + T cells, similar to naive CD4 + T cells, were significantly lower in tumor disease and dropped with age. In addition to the decline in numbers, functional defects have been described in NSCLC patients, e.g. naive T cells show reduced IFN-γ and tumour necrosis factor (TNF)-α production after mitogenic stimulation [35] or a shorter telomere length [36] . Nevertheless, higher numbers of both naive CD4 + and CD8 + T cells correlated with a better survival in our analyses, suggesting that the number of naive T cells is an interesting biomarker. Our results confirm the data of Yang and co-authors, demonstrating the naive CD4 + and CD8 + T cells as predictors for survival [37] . However, these authors defined 'naive' simply as CD45RA + , whereas we described CD45RA + CCR7 + cells as naive T cells, as proposed by Sallusto [38] . In our investigations, neither numbers of NK cells nor CD8 + T cells correlated with patients' OS; however, NSCLC patients had lower NK cell numbers in blood compared to the controls, and interestingly, female patients had lower numbers compared to males. NSCLC patients had a higher percentage of CD38 -HLA-DR + CD4 + T cells, which have a clear bias towards secretion of the T helper type 1 (Th1)-associated cytokines IFN-γ and TNF [39] , but data on their function in cancer patients are still lacking. The percentage of immunosenescence-associated CD57 + CD8 + T cells did not differ between the control and tumor group, but cancer patients had a higher proportion of CD57 + CD4 + T cells. The most differentiated CD4 + T cell subset, the CD27 -CD28 -terminally differentiated effector memory (TEMRA) cells, express CD57 [40] . As tumorinfiltrating CD8 + CD57 + T cells with functional properties of both early effector memory cells and terminally differentiated effector cells have been described [41] , the role of CD4 + CD57 + T cells in NSCLC has still to be elucidated.
Several studies have demonstrated that NSCLC patients show increased proportions of Treg in the peripheral blood [42, 43] , although multiple markers are used for their identification in different studies, and absolute Treg numbers are rarely published. Elevated Treg numbers with their highly suppressive function help tumors to avoid a productive immune surveillance [44] , and represent major hurdles towards successful immunotherapy. In contrast to data from literature, we could not find significant differences in the absolute values of CD25 ++ CD127 -/dim CD4 + Treg between the control and tumor groups. The higher percentages of Treg in cancer patients were caused by smoking behavior. However, lower Treg percentages predicted better survival in our patient cohort, which is in line with other reports [45] . This Treg-linked adverse prognosis could be a result of lymphocytic suppression. Indeed, a negative correlation of Treg percentages with the number of CD4 + T cells as well as of naive CD4 + T cells could be found. Additionally, we observed a negative correlation of naive CD4 + T cells with the percentage of HLA-DR low MDSC. MDSC suppress T cells via sequestration of cysteine and via down-regulation of L-selectin, which impairs homing of naive T cells [46] . Thus, decreased numbers of naive T cells in cancer patients could be the result of an impact of both suppressive Treg and HLA-DR low MDSC.
In line with earlier studies with renal cancer patients [27] , NSCLC patients had lower numbers of blood DC, especially of pDC. We confirmed data of others [47] , that age had a significant impact on circulating DC numbers. Whereas in melanoma patients low levels of circulating pDC indicate a worse prognosis [48] , the numbers of pDC did not correlate with OS in our analysis. However, patients with a lower ratio HLA-DR low MDSC/pDC had a longer median survival in Kaplan-Meier analysis.
In summary, peculiarities in peripheral blood immune cell populations in NSCLC patients were analyzed by flow cytometry. Among the parameters useful for an immune monitoring are HLA-DR low MDSC, which correlate positively with the neutrophil count and negatively with the number of pDC and naïve CD4 + T cells. Our data provide the first clues as to why comorbidity in lung cancer has been found associated, for example, with older age, smoking behavior and female gender [49] . Thus, in older age, for example, the number of naive T cells and DC is decreased. Otherwise, smokers have higher percentages of Treg and HLA-DR low MDSC. Lower NK cell numbers were observed in women. Of prognostic value are naive T cell counts, the percentages of Treg and HLA-DR low monocytes, as well as the ratio HLA-DR low MDSC/pDC. These markers should be investigated with higher patient numbers in future studies.
Supporting Information
Additional supporting information may be found in the online version of this article at the publisher's web site: Fig. S1 . Gating strategy for DC and monocytes. Ca. 1x10E6 mononuclear cells (MNC) were measured (storage of all cells). After doublet discrimination (R1) a gate on antibody-negative MNC (R2) was used to exclude B and T cells (R3) and CD56+ NK cells (R4). Monocytes were defined as CD14+ cells and subdivided into CD16neg classical and CD16+ non-classical cells. DC were defined as CD14neg cells (R5) with HLA-DR expression (R6) and subdivided into CD11cneg CD123+ pDC and CD11c+ mDC. Upper area: 10 000 events of the BD QuantiBRITE™ beads were collected. A gate was set around the bead population (R1). In a PE fluorescence histogram (geometric mean) markers were adapted to the four bead peaks. After log10 calculation, the lot-specific PE values of the beads were plotted against the geometric mean values to perform a linear regression analysis using the equation y = mx + c. Lower area: Using the same instrument settings of fluorescences, approximately 50 000 leukocytes of the stained blood samples were measured to analyse >3000 monocytes. After doublet discrimination (R1) a gate on monocytes (R2) was defined in a plot CD14 against side scatter SSC. The geometric mean value of HLA-DR-PE fluorescence of the whole monocytic population (P1) was estimated in a PE histogram. After log10 calculation the HLA-DR-PE mean value was converted to the term PE molecules/cell using the linear regression curve (A). Additionally, the regression curve was used to determine the PE fluorescence channel that corresponds to 5000 PE molecules/cell. In the PE histogram, P2 illustrates the percentage of monocytes ≤5000 PE molecules/cell corresponding to HLA-DRlow monocytes (B). Table S1 . Antibodies and reagents used for flow cytometry. Table S2 . Relationship between blood immune cell parameters with patient's survival. Data of univariate (KaplanMeier) and multivariate (Cox regression) prognostic factor analysis are shown. Table S3 . The effect of smoking status (with never smoker, former smoker >6months, and current smoker together with former smoker <6months) on blood immune cells. Data were given as mean±SD. Significant differences between the 3 groups of smoking status are indicated.
